Tumor-initiating cells are thought to share features with normal somatic stem cells. In mice, stem cells at the ovarian hilum have been shown to express the stem cell marker, aldehyde dehydrogenase isoform 1A1 (ALDH1A1), and are prone to malignant transformation. The potential relevance of this finding to humans has not been established. In this study, we used immunohistochemistry to assess the distribution of ALDH1A1 staining in the epithelium of human fallopian tubes, with particular reference to the transition of tubal epithelium to mesothelium (ie, tubal-mesothelial junction), ovarian surface epithelium, as well as putative precursors of ovarian high-grade serous carcinoma, namely, serous tubal intraepithelial carcinoma and 'p53 signatures,' and overt serous carcinoma. Expression of ALDH1A1 was detected in both secretory and ciliated tubal epithelial cells, tubal-mesothelial junctions and ovarian surface epithelium, but was absent in serous tubal intraepithelial carcinoma and p53 signatures. Positive staining in high-grade serous carcinoma, when present, was typically limited to rare tumor cells. In silico analyses of the mRNA expression data set from The Cancer Genome Atlas revealed downregulation of ALDH1A1 transcripts in high-grade serous carcinoma relative to normal tubal epithelium, and no association between ALDH1A1 expression levels and overall survival. Our results do not support ALDH1A1 as a specific marker of stem cells in human fallopian tube and demonstrate that its loss of expression is an early event in the development of high-grade serous carcinoma.
Introduction
Mounting evidence has shown that a significant proportion of pelvic high-grade serous carcinomas arise from a noninvasive occult carcinoma in the distal fallopian tube, designated 'serous tubal intraepithelial carcinoma'. 1 These lesions have been identified in a small percentage of prophylactic salpingo-oophorectomy specimens from women with germline BRCA mutations, 2, 3 and in the tubal fimbriae from up to 60% of women with sporadic ovarian serous carcinomas. 4 Complete microscopic sectioning of fallopian tubes has also revealed focal proliferations of morphologically normal secretory cells that show diffuse TP53 immunoreactivity, termed 'p53 signatures,' 5 which may represent early clonal expansions of tumor-initiating cells.
Experimental work conducted in a variety of model systems across different tumor types have consistently demonstrated that tumor-initiating cells are derived from either a somatic stem cell or an early progenitor cell that has reacquired stem cell features. 6 This is in keeping with the concept that the capacity for indefinite proliferation, or selfrenewal, is essential for malignant transformation. 7 Studies have also shown that only a fraction of cancer cells, termed 'cancer stem cells' are capable of forming tumors upon serial transplantation into immunocompromised mice, a technique used to assess self-renewal. 8 One of the most commonly used markers for both normal and malignant stem cells is aldehyde dehydrogenase (ALDH) isoform 1A1 (ALDH1A1; previously known as ALDH1). ALDH1A1 is an enzyme involved in the metabolism of retinoic acid, which has been implicated in the regulation of cellular differentiation. 9, 10 Multipotent stem cells in normal tissues have been shown to express ALDH1A1, 10, 11 which has also been studied extensively as a candidate marker for cancer stem cells. [11] [12] [13] [14] [15] In mice, the 'ovarian hilum,' where nerves and blood vessels enter the ovary, is covered by a layer of cells that have been previously described as representing the transition between mesothelium lining the surface of the ovary and ovarian bursa, and ciliated columnar epithelium lining the mouse oviduct. 16 This region has been reported to be enriched for ALDH1A1-positive stem cells that show increased susceptibility to malignant transformation. 16 In humans, the mesothelial lining of the ovarian surface epithelium extends over the ovarian hilum and is continuous with the mesovarium and broad ligament. The point of contact between mesothelium and Mü llerian epithelium is positioned at multiple foci within the human fallopian tube fimbria and these 'tubal-mesothelial junctions' may be analogous to the junctional epithelium overlying the mouse ovarian hilum. 17 Whether stem cells reside in either the hilar area or the tubal-mesothelial junctions in humans, as observed in the mouse model, however, remains unknown.
To gain further insight into the phenotype of the cell of origin and the early events in the pathogenesis of high-grade serous carcinoma, we used immunohistochemistry to examine the pattern of ALDH1A1 expression in normal and lesional fallopian tube epithelium, including tubal-mesothelial junctions, endosalpingiosis, p53 signatures, serous tubal intraepithelial carcinoma, and high-grade serous carcinoma, as well as in ovarian surface epithelium, rete ovarii, and primary and recurrent ovarian serous carcinomas.
Materials and methods

Case selection
Formalin-fixed paraffin-embedded surgical specimens were retrieved from the archives of the Department of Pathology, The Johns Hopkins Medical Institutions. Salpingectomy specimens were obtained from 46 patients: 29 normal fallopian tubes (with adjacent ovary and intact ovarian surface epithelium in 8 cases) and 17 with serous tubal intraepithelial carcinoma. Within these specimens, 28 tubal-mesothelial junctions, 14 foci of endosalpingiosis, 11 p53 signatures, and 11 overt serous carcinomas were identified. Further analyses were performed on a tissue microarray comprising 28 pairs of matched primary and recurrent ovarian high-grade serous carcinomas.
Diagnoses of serous tubal intraepithelial carcinoma and p53 signatures were made according to previously reported criteria. 18, 19 Tubal-mesothelial junctions were identified based on morphological features, with questionable foci confirmed by immunohistochemistry for calretinin, as previously described. 17 The acquisition of tissue samples was approved by the institutional review board.
Western blot analysis
Western blot analysis was performed on the HHL-6 human hepatocyte cell line, and protein lysates were separated by electrophoresis on 4-12% Trisglycine gels and transferred onto a polyvinylidine difluoride membrane. After being blocked with 5% non-fat milk, the membrane was incubated at 4 1C overnight with two separate ALDH1A1 primary antibodies (EP1932Y, Epitomics and clone 44, BD Biosciences), both at 1:500 dilution, and washed, incubated with horseradish peroxidase-conjugated secondary antibody, and detected with ECL detection reagent (GE Healthcare).
Immunohistochemistry
The following primary antibodies were used: TP53 mouse monoclonal (clone Bp53-11, Ventana), Pax-8 rabbit polyclonal (Proteintech), calretinin rabbit polyclonal (Invitrogen), ALDH1A1 rabbit monoclonal (clone EP1932Y, Epitomics), and ALDH1A1 mouse monoclonal (clone 44, BD Biosciences). Details of optimized reaction conditions are summarized in Table 1 .
Of note, we evaluated two separate antibodies against ALDH1A1. Antigen retrieval was performed by steaming the sections in citrate buffer (pH 6.0) for 25 min. Blocking of endogenous peroxidases was performed by immersing slides in 3% hydrogen peroxide for 15 min, followed by blocking using an , and visualized using 3,3 0 -diaminobenzidene. Confirmation of appropriate ALDH1A1 staining was performed on control slides of normal colonic and endometrial tissue. The pattern of ALDH1A1 staining was analyzed semi-quantitatively in normal tubal epithelium, ovarian surface epithelium, p53 signatures, serous tubal intraepithelial carcinoma, endosalpingiosis, rete ovarii, and serous carcinoma, subsequent to identification of areas of interest on corresponding hematoxylin and eosin-and TP53-stained slides. Lesions were considered positive for ALDH1A1 if any of the cells showed strong definitive cytoplasmic staining. In p53 signatures, endosalpingiosis, rete ovarii, and tubal intraepithelial carcinomas, the percentage of ALDH1A1-positive epithelial cells was estimated by counting all observable cells, whereas for tubal-mesothelial junctions, at least 10 cells flanking each side of the junction (ie, Z20 consecutive cells in total) were counted. For each sample of normal fallopian tube and carcinoma, at least 500 epithelial cells were assessed. Evaluation of ovarian surface epithelium was limited to eight ovaries with intact surface epithelium spatially distributed across different regions (ie, hilum, within cortical clefts, other). Immunohistochemical staining for Pax-8 and calretinin was performed to assess whether columnar cells lining the ovarian surface were of mesothelial or tubal derivation.
ALDH1A1 staining was also assessed on tissue microarrays comprising 26 pairs of primary and matched recurrent high-grade ovarian serous carcinomas. The percentage of ALDH1A1-positive tumor cells was estimated for each core on the tissue microarray and averaged across triplicates. Mean percentages of ALDH1A1-positive cells were compared between groups using the paired t-test (twotailed). Of note, all samples in this study were stained with the ALDH1A1 antibody clone EP1932Y. Confirmation of staining results was subsequently carried out using the clone 44 antibody on control tissues, tissue microarray sections, and a subset of serous tubal intraepithelial carcinomas.
In silico analyses
Level 3 Agilent 244K custom gene expression G4502A-07 platform mRNA microarray data were downloaded from the TCGA data portal (https://tcgadata.nci.nih.gov/tcga/, 31/9/2013), which included 558 primary ovarian serous carcinomas with available clinical data, 8 normal fallopian tube controls and 15 recurrent ovarian serous carcinomas. The unpaired Welch 2-sample t-test was performed to compare ALDH1A1 expression between 558 primary tumors and 8 normal (fallopian tubes) samples. Overall survival was compared in patients with ALDH1A1-high and ALDH1A1-low tumors (above and below median expression level, respectively) by KaplanMeir analysis and log-rank test. Primary and recurrent tumors were compared using the paired t-test.
Results
For both ALDH1A1 antibodies, obtained from Epitomics and BD Biosciences, western blotting revealed a robust band at 55 kDa, corresponding to the molecular weight of ALDH1A1 (Figure 1a ). This result confirmed the specificity of both antibodies in recognizing the ALDH1A1 protein. Immunostaining using both antibodies demonstrated that the positively stained cells were largely restricted to (Figure 1b) . In endometrial glands, more diffuse immunoreactivity was observed, although localized to the deep portions of glands in the stratum basalis (Figure 1c) . Endometrial stromal cells were also positive for ALDH1A1. Patterns of staining were comparable between the two ALDH1A1 antibodies, with slightly higher background staining observed with the BD Biosciences antibody. Thus, the results in the present study have been obtained mainly using the Epitomics antibody.
In normal tubal epithelial cells, ALDH1A1 staining was detected in all 29 cases. The staining pattern was always patchy and discontinuous, and in some areas strong staining marked discrete single cells, including both secretory and ciliated cell types (Figures 2a-d) ; however, more often, long stretches of epithelium showed diffuse immunoreactivity. There were no clear differences in the percentage of ALDH1A1-positive cells observed in sections of fimbriae compared with more proximal regions of the tube (distal fimbria: 46 ± 29% vs ampulla cross sections: 42±29%, P ¼ 0.642). As in endometrium, prominent staining was observed in stromal cells.
Recent work based on a mouse model has identified ALDH1A1-positive stem cells enriched at the ovarian hilum. 16 In the mouse, this region represents the transition from mesothelium to tubaltype epithelium; thus, presumably analogous to the tubal-mesothelial junctions present in the human fallopian tube fimbria. In our cohort, ALDH1A1-positive cells were detected in 15 (54%) of 28 junctions (Figures 2e and f) . ALDH1A1 expression was detected in ovarian surface epithelium in all eight ovaries. However, no consistent differences were observed at the hilar region or tubal-mesothelial junctions compared with normal ovarian surface epithelium or fallopian tube epithelium located elsewhere. Of note, evaluation of the ovarian surface epithelium revealed heterogeneous ALD-H1A1 staining, which occurred more often in cells with cuboidal or columnar morphology, rather than in flat mesothelial cells (Figures 3a-d) . These areas frequently demonstrate strong calretinin positivity, consistent with mesothelial differentiation, along with Pax-8 nuclear staining. Pax-8 expression in ovarian surface epithelium has been previously reported, and, while controversial, has been suggested to represent Mü llerian metaplasia. 20 Interestingly, diffuse and intense ALDH1A1 immunoreactivity was observed in all rete ovarii (Figures 3e and f) and foci of endosalpingiosis examined.
Next, we assessed ALDH1A1 expression in p53 signatures, serous tubal intraepithelial carcinoma, and high-grade serous carcinoma (Figure 4) . A total of 11 p53 signatures, morphologically normal tubal epithelial cells with intense p53 staining, were identified; all were ALDH1A1 negative. ALDH1A1 staining was detected in 0 of 17 tubal intraepithelial lesions and in 41 (61%) of 67 carcinomas. Eleven of the 17 fallopian tubes with serous tubal intraepithelial carcinoma also had invasive malignancy on the same tissue section, thus enabling direct comparison of their respective staining characteristics. Staining patterns were generally consistent between matched intraepithelial and invasive components, with the exception of two cases, in which focal immunoreactivity was detected in high-grade serous carcinoma, but not within serous tubal intraepithelial carcinoma. Although ALDH1A1 expression was detected to some degree in many high-grade serous carcinomas, in most cases, only rare ALDH1A1-positive cells were observed (Figure 5a ). In our cohort of 26 paired primary and recurrent ovarian serous carcinomas, comparable frequencies of ALDH1A1-positive tumor cells were observed between matched tumor pairs (mean ± s.d.: 8.0 ± 14.6% vs 4.5±7.7%, P ¼ 0.28). There was a significant decrease in the percentage of ALDH1A1-stained cells in serous tubal intraepithelial carcinoma and p53 signatures as compared with normal fallopian tubes (Po0.0001). The percentages of ALDH1A1-positive cells in different tissues and lesions are summarized in Figure 6 .
To validate our immunohistochemistry results, representative cases were stained using the clone 44/BD Biosciences ALDH1A1 antibody. The performance of both antibodies was comparable, with no appreciable differences in the distribution of staining and the percentage of ALDH1A1-positive cells. In silico analysis of TCGA mRNA expression data for ovarian serous carcinoma 21 revealed decreased expression in tumor relative to normal fallopian tube (tumor/normal expression ratio ¼ 0.13, Po0.0001). Moreover, ALDH1A1 expression level in primary ovarian cancer was not associated with overall survival (HR ¼ 1.04, P ¼ 0.757; Figure 5b ).
Discussion
ALDH1A1 has been proposed as a marker for cancer stem cells or cancer initiating cells in various types of human cancer, including ovarian carcinoma. Previous experimental work demonstrated ALDH1A1-positive ovarian cancer cells to be more tumorigenic than ALDH1A1-negative cells. 22, 23 It is therefore plausible that these ALDH1A1-expressing tumor cells may be derived from somatic stem cells, likely from the fallopian tube. Indeed, the mouse ovarian hilum has recently been shown to be enriched for ALDH1A1-positive stem cells with increased susceptibility to malignant transformation. 16 The purpose of this study was to comprehensively characterize the expression of ALDH1A1 in normal human fallopian tube, tubal-mesothelial junctions, ovarian surface epithelium, and in lesions thought to represent different stages of tumor progression -namely, p53 signatures, serous tubal intraepithelial carcinoma, and primary and recurrent high-grade serous carcinomas.
Somatic stem cells are self-renewing cells that give rise to the differentiated cells necessary for tissue function. They are usually present in small numbers and tend to be located in a discrete anatomic niche such as the colonic crypts and hair follicle bulbs. It is unlikely that the ALDH1A1-positive tubal cells, described in this study, are tubal stem cells as they correspond to ciliated and secretory cells, which are terminally differentiated. Similar staining patterns have been observed in another recent study evaluating ALDH1A1 expression in normal fallopian tube using a polyclonal goat antibody (L15; Santa Cruz Biotechnology). 24 Consistent with our results, many positively stained cells were seen in the tubal fimbriae and ampulla. However, in contrast to that report demonstrating ALDH1A1 expression to be largely confined to secretory cells, we observed ALDH1A1 immunoreactivity in both secretory and ciliated epithelial cells. Regardless, our findings cast doubt on ALDH1A1 as a specific marker for somatic stem cells in human fallopian tube. ALDH1A1 encodes an enzyme belonging to the ALDH family that catalyzes the oxidation (dehydrogenation) of aldehydes, which in the fallopian tube may have a role in facilitating the transport of blastocysts. 25 The finding of diffuse ALDH1A1 positivity within foci of endosalpingiosis is consistent with their presumed origin from fallopian tube epithelium, 1 whereas the significance of ALDH1A1 staining of rete ovarii, derived from mesonephric remnants, is unknown.
The most interesting observation in this study is that ALDH1A1 expression is completely absent in serous tubal intraepithelial carcinoma, the putative precursor of high-grade serous carcinoma. This finding, along with the observation that all evaluated p53 signatures were also ALDH1A1 negative, suggests that loss of ALDH1A1 expression is an early event in the pathogenesis of this malignancy. The cell of origin of high-grade serous carcinoma is therefore either a cell that is intrinsically ALDH1A1 negative or an ALDH1A1-positive cell in which Loss of ALDH1A1 in precursors of high-grade serous carcinoma expression of this enzyme has been suppressed during neoplastic transformation. Previous work suggests that silencing of ALDH1A1 may be mediated by the histone methyltransferase, EZH2, that is upregulated in high-grade serous carcinoma. Knockdown of EZH2 resulted in upregulation of ALDH1A1 in the SKOV3 cell line, 26 in which ALDH1A1 expression is otherwise suppressed. Of course, there are alternative explanations for the absence of ALDH1A1 expression in precursor lesions. For example, it remains a possibility that the complete absence of ALDH1A1-positive cells in serous tubal intraepithelial carcinoma or p53 signatures may be biased by the relatively limited number of cells assessed, given the small size of these lesions.
We also observed considerably decreased ALD-H1A1 staining in high-grade serous carcinoma compared to normal tubal epithelium, confirming in silico analysis of TCGA expression data. Accordingly, ALDH1A1 expression in this tumor type is probably of minimal biological significance, as staining was often limited to a few cells in the positive cases and likely reflects intratumoral heterogeneity in gene expression. 27 Nevertheless, we cannot exclude the possibility that the ALDH1A1-positive subpopulation may be enriched for cancer stem cells, as suggested in previous work. 22, 23, 28 If this were the case, one must conclude that either highgrade serous carcinoma does not develop from fallopian tube epithelium, where ALDH1A1 does not appear to label stem cells, or ALDH1A1 expression has different functions in malignant vs normal Mü llerian epithelium. That is to say, in the normal fallopian tube, ALDH1A1 participates in aldehyde metabolism, and not maintaining 'stemness,' whereas in serous carcinoma ALDH1A1 expression is involved in the development of cancer stem cells. This scenario, however, is difficult to reconcile with the absence of ALDH1A1 expression in serous tubal intraepithelial carcinoma.
Furthermore, it should be recognized that results from previous experimental work have not always been consistent. Stewart et al 28 sorted primary patient-derived serous ovarian carcinoma cells using a variety of putative cancer stem cell markers, including ALDH enzymatic activity, and subsequently assayed their ability to form tumors in immunodeficient mice. Although the frequency of tumor-initiating cells was generally higher in the ALDH hi subpopulation (except for one patient, from which all tumor-initiating cells were ALDH lo ), the absolute number was comparable between ALDH hi and ALDH lo fractions, demonstrating the poor specificity of this marker. Rather than suggesting an association between ALDH1A1 and cancer stem cell identity, an alternative explanation may be that the ability to metabolize aldehydes somehow confers a survival advantage to human ovarian cancer cells transplanted into a xenogeneic environment.
While several clinicopathological studies have suggested ALDH1A1 expression to correlate with poor prognosis in high-grade serous ovarian carcinoma, 22, 23, 29, 30 one study found no significant association. 26 Similarly, our in silico analysis of the TCGA mRNA expression data set failed to reveal any prognostic significance, and, furthermore, we did not observe a significant difference in ALDH1A1-expressing cells between primary and recurrent serous ovarian tumors.
In summary, we demonstrate that ALDH1A1-expressing epithelial cells are abundant in the normal fallopian tube, but not in p53 signatures or serous tubal intraepithelial carcinoma. ALDH1A1-positive cells can occasionally be observed in some high-grade serous carcinomas, but usually restricted to only a few tumor cells. These findings suggest that ALDH1A1 is probably not a specific marker for fallopian tube stem cells, and demonstrate that its loss of expression is an early event in the development of high-grade serous carcinoma. Identification of more specific markers of Mü llerian epithelial stem cells is necessary to identify the putative somatic stem cell population involved in the pathogenesis of this malignancy. 
